There is significant evidence indicating that secretory immunoglobulin A (sIgA) antibodies are associated with protection against mucosal pathogens (5, 22, 23, 33, 37, 38, 44, 46) . However, while sIgA antibodies form a first line of defense against many pathogens, the actual mechanisms of how they protect are not well understood. Proposed mechanisms include prevention of contact of pathogens with epithelial surfaces, formation of immune complexes, clearance by peristalsis, transcytosis of immune complexes, and intracellular neutralization with or without neutralizing antibodies (1, 3, 4, 18, 21, 29, 32) .
Rotavirus is the most important etiologic agent of severe diarrhea in young children and is estimated to be responsible for 870,000 deaths per year in children under 5 years of age (20) . The virus is composed of a core surrounded by VP6, the major inner capsid protein. The outer capsid layer of infectious particles contains two proteins, VP4 and VP7, one of which is subjected to cleavage by proteolytic enzymes (VP4 is cleaved into VP5 and VP8) and the other of which is an endoplasmic reticulum glycoprotein (6) . The two outer capsid proteins are associated with stimulation of serotype-specific antibodies and protection in vivo and neutralization in vitro (11, 12, 15, 19, 35, 43) . Although antibodies with protein specificity other than VP4 and VP7 may participate in protection against rotavirus infection, protection from clinical disease appears to rely mainly on the stimulation of neutralizing antibodies against outer capsid proteins VP4 and VP7 (26, 36, 45) . It is therefore tempting to believe that neutralizing sIgA antibodies play a crucial role in mucosal defense. Several studies have also shown a strong correlation between protection in vivo and serum and intestinal IgA responses (2, 7, 25, 31) . However, apart from one recent interesting study showing that two nonneutralizing VP6-specific IgA monoclonal antibodies (MAbs) were capable of preventing primary infection and resolving chronic murine rotavirus infection (3) , no qualitative data on the mechanism of how sIgA antibodies protect against and clear a rotavirus infection have been reported.
We recently reported the production and characterization of murine IgA MAbs directed against rhesus rotavirus (RRV) (9) . In the present study, we used several of these IgA MAbs to examine if a single MAb secreted onto mucosal surfaces via the normal epithelial transport pathway can protect mice from rotavirus diarrhea. We also studied if IgA antibodies can be transcytosed in a biologically active form through filter-grown Madin-Darby canine kidney (MDCK) cells expressing the polymeric immunoglobulin receptor (pIgR) (14) and, upon apical arrival, neutralize apically administered virus. Both experiments were performed to obtain information about the mechanisms involved in protection against rotavirus diarrhea and to evaluate if the methods used can be applied to the study of viral mucosal immunity.
MATERIALS AND METHODS
Virus production and purification. Plaque-purified RRV was used throughout the study. A single virus stock was produced for the entire study by infecting MA104 cells with RRV at a multiplicity of infection (MOI) of 0.1 in serum-free M199 medium (Gibco Laboratories, Grand Island, N.Y.) containing 0.5 g of trypsin (Sigma Chemical Co., St. Louis, Mo.) per ml. When the cytopathogenic effect reached approximately 75% of the monolayer, cells were freeze-thawed twice and cell lysates were cleared by low-speed centrifugation. The virus suspension was divided into aliquots and stored at Ϫ80°C until use. Determination of virus titers was performed by an immunoperoxidase focus reduction test (42) (see below).
RRV antigen for use in enzyme-linked immunosorbent assays (ELISA) (see below) was prepared from infected cell lysates by ultracentrifugation in a Beckman 45 Ti rotor at 35,000 rpm for 2 h at 4°C. The pellet was resuspended in 10 mM Tris-100 mM NaCl-2 mM CaCl 2 (pH 7.4) (TNC) and layered onto a 25% sucrose cushion in TNC. After centrifugation in a Beckman SW41 rotor at 35,000 rpm for 2 h at 4°C, the virus pellet was resuspended in 1 to 2 ml of TNC and stored at 4°C until use.
Polarized epithelial cell monolayers. MDCK cells stably transfected with cDNA encoding the rabbit pIgR (pIgR ϩ MDCK cells) (14) were cultured in M199 medium containing 10% fetal calf serum (Gibco). Confluent pIgR ϩ MDCK cell monolayers on permeable supports were obtained by seeding 4 ϫ 10 5 cells in 1.5 ml of medium onto 24-mm (0.4-m-pore-size) Transwell-Col filters (Costar, Cambridge, Mass.). The basolateral chambers in six-well plates (Costar) were then filled with 3 ml of the same medium. Media were replaced every other day until the monolayers developed transepithelial electrical resistance of Ͼ1,000 ⍀. Transepithelial electrical resistance was measured with a Millicell-ERS resistance apparatus (Millipore, Bedford, Mass.) as described previously (42) . Electrical resistance values obtained in the absence of cells were considered background values. The net resistance was calculated by subtracting the background values and multiplying the resulting resistance by the area of the filter.
Hybridoma cell cultures. The production and characterization of the murine anti-RRV IgG and IgA MAbs used in this study (Table 1) have been reported elsewhere (9, 40) . Four hybridoma cell clones producing IgA MAbs were selected; these accounted for at least three distinct neutralization epitopes on outer capsid protein VP4 (all in the VP8 tryptic peptide of VP4). Three nonneutralizing IgA-secreting hybridomas to VP6, randomly chosen from a total of five available cell lines, were also included. A neutralizing IgA MAb to Sabin 1 poliovirus (3C10) was used as a control (8) . In all cases, IgA-secreting cell lines were shown to produce mostly polymeric forms of immunoglobulin, based on nonreducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis (8, 9) . Hybridoma cells were grown in Dulbecco's minimal essential medium (DMEM; Gibco) supplemented with 15% fetal calf serum, 1 mM sodium pyruvate, 2 mM L-glutamine, 50 IU of penicillin per ml, and 50 g of streptomycin per ml.
Transcytosis of anti-RRV MAbs. Transcytosis of polymeric IgA was performed essentially as described previously (14) . Briefly, hybridoma cells were washed with serum-free DMEM and resuspended in a collagen solution containing 8 volumes of collagen (Vitrogen 100; Celtrix, Santa Clara, Calif.); 1 volume of M199 medium (10ϫ); 0.1 volume each of 1 M HEPES (pH 7.1), L-glutamine, nonessential amino acids, sodium pyruvate, and Nutridoma-SP (Boehringer GmbH, Mannheim, Germany); and 0.3 volume of 7% sodium bicarbonate. The cell-collagen mixture (3 ϫ 10 6 cells in 1.7 ml of collagen solution/well) was poured into six-well plates and incubated at 37°C for 1 h to allow collagen polymerization. One milliliter of DMEM supplemented with 1% Nutridoma-SP, L-glutamine, sodium pyruvate, nonessential amino acids, and antibiotics was then added, and the plates were incubated at 37°C for 4 days, with the medium being changed every other day. One day before the experiment, pIgR ϩ MDCK-cell containing filters were placed on top of the hybridoma cell cultures and fresh DMEM-Nutridoma-SP containing 1 M dexamethasone (Sigma) was added to both chamber sides to stimulate the expression of pIgR (14) . Nutridoma-SP and dexamethasone were included in both test and control wells in all experiments.
Immunoperoxidase staining of RRV-infected cells. Cells grown in plastic wells or on permeable filters were processed for immunoperoxidase staining essentially as described previously (42) . MA104 or MDCK cell monolayers were fixed with 1% paraformaldehyde in phosphate-buffered saline (PBS) for 1 h at 4°C. After being washed with PBS, cells were permeabilized by incubation with 0.5% Triton X-100 in PBS for 10 min at room temperature. Rotavirus-infected cells were identified by an immunoperoxidase staining method with an anti-VP7 nonneutralizing IgG MAb (m60) and a peroxidase-conjugated goat anti-mouse IgG (heavy and light chains) antibody (Sigma). The reaction was developed with aminoethylcarbazole (1 mg/ml) in 0.1 M acetate buffer (pH 5.2), and stained cells were counted under a light microscope. Background staining in the absence of virus replication and de novo synthesis of VP7 was found to be low with this procedure (data not shown).
Virus neutralization assay with pIgR ؉ MDCK-hybridoma cell cocultures. MDCK cell monolayers in Transwell units (Costar) were infected from the apical side by adding 4 ϫ 10 3 PFU of RRV (0.2 ml) to the apical medium (1.5 ml), corresponding to an MOI of approximately 0.002. Virus was trypsin activated (5 g/ml, 1 h, 37°C) prior to dilution, and trypsin was omitted from the infection medium to avoid multiple cycles of viral replication. In experiments concerning intracellular neutralization, the apical medium was first removed, MDCK cell monolayers were then washed twice, and fresh medium was added immediately prior to virus inoculation. After binding at 37°C for 90 min, the apical medium was aspirated, cells were washed once, and fresh medium was added. Plates were then incubated at 37°C for 18 h in a CO 2 atmosphere. Monolayers were fixed and stained as described above, and the number of infected cells was determined. Collagen-filled wells with no hybridoma cells were included as controls.
Progeny virus production in pIgR ؉ MDCK-hybridoma cell cocultures. MDCK-hybridoma cell cocultures were infected as described above at an MOI of approximately 0.02. At 18 h postinfection, filters were moved to new six-well plates and washed on both sides five times with fresh medium to remove extracellular antibody. Monolayers were then freeze-thawed twice, and filters were cut apart and placed into a centrifuge tube along with the last washing medium (2 ml). RRV was extracted by vortexing cells in the presence of 1,1,2-trichlorotrifluoro-ethane (Sigma) for 2 min, and the aqueous phase was recovered after low-speed centrifugation. Infectious virus titers were then determined with MA104 cell monolayers grown in microtiter plates by immunoperoxidase staining of infected cells as described above (42) .
Determination of total IgA and IgG in cell culture supernatants, sera, and stools. The concentrations of antibodies in basolateral and apical media were determined by an ELISA. Briefly, microtiter ELISA plates were coated with a 1:5,000 dilution of goat anti-mouse immunoglobulin (Sigma) in PBS overnight at 4°C. Plates were blocked with 3% bovine serum albumin (BSA) for 2 h at 37°C and washed with PBS containing 0.1% Tween 20 (PBS/T). Serial twofold dilutions of test media in PBS-0.5% BSA were added to each well in duplicate and incubated for 2 h at 37°C. Plates were then rinsed four times with PBS/T and further incubated with a 1:2,000 dilution of a goat anti-mouse IgA (␣ chain) or anti-mouse IgG (heavy and light chains) antibody conjugated with biotin (Sigma) for 1 h at 37°C. After being washed, plates were incubated with a 1:5,000 dilution of streptavidin conjugated with alkaline phosphatase (Sigma) for 30 min at 37°C. p-Nitrophenyl phosphate (Sigma 104; 1 mg/ml) in 10 mM diethanolamine (pH 9.5) was added to wells. Plates were read with an ELISA reader (Bio-Rad Laboratories, Hercules, Calif.) at a wavelength of 405 nm. Antibody concentrations were determined from standard curves constructed with purified preparations of mouse IgA (318 g/ml) and IgG1 (852 g/ml) antibodies. These were included in each test plate to monitor plate-to-plate variations.
Stools and sera were collected from mouse pups used in protection experiments at the time of oral challenge with RRV. Stools were diluted to 10% in PBS and centrifuged to remove debris. Stool supernatants and sera were examined for total IgA and IgG by an ELISA as described above.
Determination of anti-RRV antibodies in sera and stools. The amounts of both neutralizing and nonneutralizing antibodies (i.e., anti-VP6) secreted into the blood samples and stools of mice carrying hybridoma "backpack tumors" (see below) were determined by an RRV-specific ELISA. Briefly, ELISA plates were coated with a 1:200 dilution of purified RRV in PBS at 4°C overnight. Plates were blocked with 3% BSA-PBS, and stool or serum samples were added in twofold dilutions. After incubation for 2 h at 37°C, plates were washed with PBS/T and further incubated with a 1:2,000 dilution of an anti-mouse IgA (␣ chain) or IgG (heavy and light chains) antibody conjugated with biotin for 1 h at 37°C. Absorbance values equal to or higher than three times the background values were considered positive.
Determination of neutralizing anti-RRV antibodies in sera and stools. Sera and stools obtained from pups were also tested by a microneutralization assay as described previously (9) . Briefly, serial twofold dilutions (100 l) of serum or stool extracts in M199 medium were incubated with a trypsin-activated RRV suspension (100 l) containing approximately 200 PFU for 2 h at 37°C. Mixtures were then inoculated into MA104 cell monolayers grown in 96-well plates and incubated for 2 h at 37°C. After being washed with M199 medium, monolayers were refed with fresh M199 medium and incubated at 37°C in a CO 2 atmosphere for 18 h. Monolayers were fixed and stained with immunoperoxidase as described above. A reduction in the number of RRV-infected cells of greater than 60% (Table 1) . At 24 h after dexamethasone stimulation, the concentrations of IgG and IgA antibodies in the basolateral medium ranged from 3 to 135 g/ml. During the same period, IgA was transported into the apical medium at concentrations of 333 to 852 ng/ml. Although IgA and IgG MAbs were produced in comparable amounts by hybridoma cells in the basolateral medium, the corresponding amounts of transcytosed IgG were 4 to 11 times lower, i.e., 76 ng/ml for MAb 1A9 and 85 ng/ml for MAb 7A12 ( Table 1 The effect of trancytosed IgA MAbs on the yield of progeny virus in polarized MDCK cells was investigated by determining the infectivity of cell lysates after 18 h of infection with RRV. The results of these experiments are reported in Fig. 2 . In agreement with the neutralization experiments, IgA MAbs directed at outer capsid protein VP4 caused a significant reduction in the yield of infectious virions produced by the cells. Since the number of infected cells between monolayers was different depending on the hybridoma cell line, the ratio between progeny virus yield and infected MDCK cells was determined with duplicate cell monolayers. In all cases, infected cells appeared to yield similar amounts of infectious progeny virus, indicating that virions escaping neutralization by extracellular antibodies underwent normal replication in the cells. Output virus was neutralized by the corresponding MAb used in these experiments (data not shown), thus ruling out the possibility that neutralization-resistant virus mutants might have been selected during the experiments. In contrast to the results obtained with VP8-specific MAbs, the yield of progeny RRV was unaffected by IgA MAbs directed at inner capsid protein VP6 of RRV or directed at poliovirus.
RESULTS

Transcytosis of
It has recently been proposed that IgA can inactivate virus by a mechanism called intracellular neutralization (29) . To examine if the neutralizing effect observed with the anti-VP8 IgA MAbs could be attributed to intracellular rather than extracellular neutralization, the apical side of the filters was washed twice (no residual IgA could be detected) and fresh medium was added immediately before the addition of virus. In this set of experiments, no difference in the number of infected cells could be observed between filters grown in the presence or absence of hybridoma cells. We concluded that intracellular neutralization did not contribute to the neutralizing effect observed with the anti-VP8 IgA antibodies examined. Transepithelium-transported anti-VP8 IgA antibodies protect newborn mice from rotavirus diarrhea. To test whether IgA and IgG MAbs could protect mice from rotavirus diarrhea in vivo, hybridoma backpack tumors (46) were implanted in 1-day-old BALB/c mice derived from rotavirus antibody-free dams. The tumor-bearing mice were challenged orally 6 to 8 days later with 2 ϫ 10 7 PFU of RRV, a virus dose which induces diarrhea in at least 90% of antibody-naive mice. At least two different litters were used to test each MAb. The results of these assays are summarized in Table 2 . Hybridoma tumors secreting four different IgA MAbs to RRV VP8 were found to prevent the onset of diarrhea in virus-challenged mice. Conversely, backpack tumors secreting two IgG MAbs to RRV VP8 proved unable to protect pups, despite the ability of these antibodies to neutralize RRV in MA104 cell cultures. None of the pups bearing hybridoma tumors secreting anti-VP6 IgA MAbs or an IgA MAb directed against poliovirus were protected from RRV infection in these experiments. The onset of diarrhea in these mice occurred at day 1 or 2 after challenge, and loose stools lasted for 2 to 4 days, as in control mice, which did not receive hybridoma cell implants.
FIG. 1. RRV neutralization in polarized pIgR
ϩ MDCK cells cocultured with hybridoma cells in Transwell-Col filter chambers. Filter-grown confluent MDCK cell monolayers laying on top of hybridoma cell-containing collagen layers were infected with 4 ϫ 10 3 PFU of RRV from the apical side after 24 h of dexamethasone stimulation. After virus binding at 37°C for 90 min, the apical medium was replaced and cells were further incubated at 37°C for 18 h. Monolayers were fixed and immunostained as described in Materials and Methods, and RRV-infected cells were counted. Columns indicate the percentages of infected cells compared to control monolayers infected in the absence of hybridoma cells. Data represent the averages of three independent experiments (bars indicate ranges). 1E4, 2A10, 2B12, and 4B6 were IgA MAbs to VP4; 1D4, 2C5, and 2F8 were IgA MAbs to VP6; 1A9 and 7A12 were IgG MAbs to VP4; and 3C10 was an IgA MAb to Sabin 1 poliovirus.
Secretion of IgA and IgG MAbs into the intestinal lumens of mice.
Mice bearing IgA-or IgG-secreting hybridoma tumors or naive mice were examined for the presence of either total or RRV-specific antibodies in their serum and gut contents by an ELISA (Table 3) . Total IgA antibody concentrations ranged from approximately 400 to 1,050 g/ml of serum in IgA-secreting tumor-bearing mice, whereas serum IgA concentrations in control and IgG-secreting tumor-bearing pups varied from approximately 1 to 11 g/ml. The concentrations of serum IgG antibodies ranged from approximately 1,200 to 1,500 g/ml in mice injected with IgG-secreting hybridoma cells, whereas the serum IgG concentrations in control and IgA-secreting tumorbearing mice varied from approximately 125 to 230 g/ml. The amount of IgA antibodies varied from undetectable (Ͻ0.1 g) to 3.6 g/ml of stools and did not differ significantly between IgA-and IgG-secreting tumor-bearing mice and controls, whereas no appreciable level of intestinal IgG antibodies was revealed even in mice injected with IgG-secreting hybridoma cells.
The concentrations of RRV-specific antibodies in serum and intestinal fluid samples from mice are also shown in Table 3 . Data are expressed as the reciprocal of the last dilution of samples giving an optical density higher than three times the background staining in the absence of antibody. Sera from IgG-secreting tumor-bearing mice were positive at dilutions ranging from 1:64,000 to 1:128,000, while sera from IgA-secreting tumor-bearing mice were positive at dilutions ranging from 1:8,000 to 1:64,000. No antibody against RRV was detected even at a 1:100 dilution of sera from either uninjected pups or dams in these assays. RRV-specific IgA antibody was detected in stool samples from mice with IgA-secreting hybridoma tumors at dilutions ranging from 1:40 to 1:160, whereas no intestinal virus-specific IgG or IgA was found in IgG-secreting tumor-bearing or control mice.
The anti-RRV activity of mouse sera and stools was also assayed by a microneutralization test. Neutralizing titers ranged from 1:4,000 and 1:32,000 in sera from mice carrying both anti-VP8 IgA-and IgG-secreting hybridoma tumors, whereas no virus-neutralizing activity was found in mice with anti-VP6 IgA-secreting tumor-bearing or control mice. Only stool suspensions from two mice carrying anti-VP8 IgA-secreting tumors (2A10 and 2B12, respectively) exhibited a low level of neutralizing activity at a 1:100 dilution; lower dilutions of stools could not be tested because of toxicity for cell cultures.
DISCUSSION
While the antigenic determinants involved in protection from rotavirus diarrhea have been widely investigated, primarily with murine IgG and IgM MAbs (26, 27, 36) , the exact mechanisms and which effector cells participate in mounting protective immunity remain largely unresolved. There is, however, a significant amount of information suggesting that IgA plays a crucial role in protecting the epithelial mucosa from rotavirus infections (2, 7, 25, 31) .
We recently showed that purified human IgA is capable of neutralizing rotavirus in vitro and that a majority of human antirotavirus IgA antibodies are directed against inner capsid proteins VP2 and VP6 (16, 17) . Furthermore, an interesting recent study showed that some nonneutralizing VP6-specific IgA MAbs are capable of preventing and resolving a chronic murine rotavirus infection (3). This finding raises interesting questions about novel mechanisms of neutralization and protection mediated by IgA antibodies.
It has been difficult to directly assess the protective contribution of sIgA antibodies against mucosal invasion, partly because of technical obstacles against obtaining pure IgA from local mucosal secretions. One approach to overcoming this problem has been to generate dimeric IgA MAbs that can be delivered to the mucosa either passively (30) or via the normal receptor-mediated epithelial transport system (3, 33, 34, 38, 46) . These studies have shown that IgA antibodies can indeed protect against a variety of microbial infections. In particular, the hybridoma backpack tumor model (46) has proven valuable in overcoming the limiting factor that passive application of antibodies to mucosal surfaces does not accurately reproduce the distribution of sIgA antibodies in animals, in which effector molecules are secreted following receptor-mediated transcytosis across mucosal and glandular epithelial cells (41) .
FIG. 2. Inhibition of progeny virus production in polarized pIgR
ϩ MDCK cells cocultured with hybridoma cells in Transwell-Col filter chambers. Filtergrown confluent MDCK cell monolayers laying on top of hybridoma cell-containing collagen layers were infected with 4 ϫ 10 3 PFU of RRV from the apical side after 24 h of dexamethasone stimulation. After virus binding at 37°C for 90 min, the apical medium was replaced and cells were further incubated at 37°C for 18 h. Filters were removed and extensively washed to eliminate extracellular antibodies. Cells were disrupted by freeze-thawing and extraction with 1,1,2-trichloro-trifluoro-ethane to release intracellular virions. Infectious progeny virus titers were determined by infection of MA104 cell monolayers and immunoperoxidase staining as described in detail in Materials and Methods. Columns indicate the percentages of recovered infectious virus compared to control MDCK cell monolayers infected in the absence of hybridoma cells. Data represent the averages of three independent experiments (bars indicate ranges). 1E4, 2A10, 2B12, and 4B6 were IgA MAbs to VP4; 1D4, 2C5, and 2F8 were IgA MAbs to VP6; 1A9 and 7A12 were IgG MAbs to VP4; and 3C10 was an IgA MAb to Sabin 1 poliovirus. We recently reported the production of IgA MAbs to RRV from orally immunized mice and showed that most of them are directed against antigenic sites on the VP8 tryptic fragment of VP4, including epitopes which are distinct from those recognized by antibodies raised by parenteral immunization (9) . To study the protective capacity and mechanisms of these IgA antibodies, we established a murine backpack hybridoma tumor model essentially as described by Winner et al. (46) . To gain insight into the neutralization mechanisms, we explored if antibodies could be transcytosed in a biologically active form from the basolateral to the apical domain through filter-grown MDCK cells expressing pIgR (14) . We found that a significant amount of IgA but not IgG was transported through transfected MDCK cell monolayers by receptor-mediated transcytosis. The amounts of transcytosed IgA were similar to those in previous reports with this cell system (14, 18, 29) and most likely reflect the maximum transport capacity of the cells. This result, together with the observation that neutralizing anti-VP8 IgG antibodies did not cross the tight MDCK cell monolayers at biologically active concentrations, indicates the suitability of the cell system for studying transcytosis and intraluminal effects of secretory antibodies.
Only anti-VP8 IgA MAbs could neutralize rotavirus added to the apical side of cells, despite the fact that all of the IgA and IgG MAbs examined here have similar activities toward RRV in standard neutralization assays (9, 39) . Neutralization appeared to occur after antibody release from the apical surface of cells, since replacement of the apical culture medium prior to virus inoculation completely abolished neutralization. The fact that anti-rotavirus VP8 MAbs have been found to block infection by preventing virus binding to cells (39) , together with the comparable rates of neutralization (1 to 2 logs) observed in this study and in our previous investigations of RRV neutralization (9, 39) , further suggests that rotavirus was inactivated by extracellular mechanisms.
The similar ratio between the progeny virus titer and the number of infected cells in the presence or absence of neutralizing antibodies also indicated that newly formed virions did not undergo intracellular neutralization by anti-VP8 IgA MAbs, at least not to detectable levels. This novel protective mechanism has been reported to occur with Sendai and influenza viruses (28, 29) which, however, have entry, uncoating, and assembly processes significantly different from those of rotavirus.
We did not observe neutralization of rotavirus with any of the examined anti-VP6 MAbs. In fact, MAbs directed to inner capsid protein VP6 of rotavirus have never been shown to neutralize rotavirus in cell cultures, extracellularly or intracellularly. A few anti-VP6 MAbs have, however, been reported to block the transcription of rotavirus genomic double-stranded RNA by binding to single-shelled particles in vitro (10), suggesting that certain antibodies with critical epitope specificities and correct intracellular localization might be capable of inhibiting the intracellular replication of virus. In line with this hypothesis, anti-VP6 IgA antibodies to a murine strain of rotavirus were recently shown to protect adult mice from virus shedding in a hybridoma backpack tumor model (3). However, none of the anti-VP6 IgA MAbs examined by us was capable of protecting infant mice from diarrhea. The discrepancies between our observations and those of Burns and coworkers (3) might be attributed to the use of different animal models for protection (disease versus virus shedding). Infant mice (Ͻ9 days of age) develop clinical diarrhea despite restricted replication of heterologous RRV. With this animal model, rotavirus may therefore induce diarrhea by cytolytic or toxic mechanisms rather than by lysis after extensive replication. In fact, there is no evidence that viral replication per se induces diarrhea, and the pathogenic mechanism of rotavirus diarrhea is still unresolved. Adult mice (2 months), however, can both become infected and shed homologous rotavirus in the absence of clinical diarrhea. This model may therefore monitor protection from shedding by antibody interference with viral replication. However, the most reasonable explanation for the discrepancies regarding VP6 between our observations and those of Burns et al. (3) is that our anti-VP6 MAbs did not recognize the critical epitopes on VP6 required for protection. Unfortunately, no data are available to describe the epitope map of inner capsid protein VP6 of rotavirus.
Our observations that VP8-specific IgA MAbs protected mice from diarrhea contrast with the observations of Burns et al. (3) , who found none of their VP4-specific IgA MAbs to be effective in the homologous adult mouse model. This discrepancy may reflect differences in the epitopes recognized by the respective MAbs, but as no information regarding epitope specificity is available for these MAbs, no comparison can be made. However, the fact that all anti-VP8 neutralizing IgA MAbs examined by us could protect mice from clinical disease indicates that several neutralizing VP8 epitopes contribute to making this protein a suitable target for protective immune responses in the gut. We previously showed that these IgA antibodies recognize at least three distinct epitopes on the VP8 portion of VP4, at amino acid positions 132 to 135, 148, and 190 (9) . The epitope at amino acid position 148 was previously described for RRV, and an IgM MAb directed toward this epitope was previously shown to protect infant mice when administered via the oral route (27) . Of particular interest is the observation that while IgA MAb 4B6 and IgG MAb 7A12 recognized the same epitope located between amino acids 188 and 194 of VP4 (9, 24) , only the former antibody proved protective in mice, thus stressing the critical role of the isotype in mucosal protective immunity. The absence of IgG antibodies and the relatively small amount of intestinal IgA antibodies detected in the stools of tumor-bearing mice, despite a high antibody concentration in sera, strongly support the occurrence of isotype-specific secretion of antibodies into the gut lumen in the animal model adopted. Also, the lack of RRV-directed antibodies in the sera of dams indicates that the presence of IgA antibodies in the intestinal lumens of pups cannot be ascribed to passive transfer of secretory antibodies via milk.
In agreement with our findings, Haneberg and coworkers (13) recently reported that mice with IgA-secreting hybridoma tumors showed normal levels of IgA in the intestinal lumens. These authors also addressed the question of whether IgA present in the gut was transported through the bile duct rather than through the intestinal epithelium. They observed (13) that neither MAb nor total IgA levels on mucosal surfaces were altered by bile duct ligation, concluding that sIgA antibodies originated mainly from local secretions and not from bile. Together, these data strongly suggest that the backpack tumor model closely mimics normal sIgA antibody protection in the gut and is well suited to studying the mechanisms of protection on mucosal surfaces.
In conclusion, the present study clearly shows that in the backpack tumor model, IgA but not IgG antibodies are effective in preventing rotavirus diarrhea in mice. Studies of the induction of protection from clinical disease should address the elicitation of secretory antibody responses at the intestinal level, involving VP8 epitopes in addition to VP7 and VP5 antigenic determinants.
